Abstract: We demonstrate a megawatt peak power femtosecond source at 1.3 m based on selfphase modulation enabled spectral selection by pumping optical fibers with negative groupvelocity dispersion. Wavelength widely tunable femtosecond laser sources are highly desired for nonlinear optical microscopy (NLOM). Recently we demonstrated a new fiber-optic method to derive such sources from Yb-or Er-fiber lasers. This method relies on self-phase modulation (SPM) dominated nonlinearities to broaden a narrow input optical spectrum to generate well-isolated spectral lobes. Subsequent spectrally filtering the leftmost/rightmost spectral lobes produces nearly transform-limited femtosecond pulses [1] [2] [3] . This SPM-enabled spectral selection (SESS) approach has allowed us to obtain ~100-fs pulses with up to 20-nJ pulse energy tunable in the range of 1030-1215 nm [2] or with up to 10-nJ pulse energy between 1.3 m and 1.7 m [3] . In all the previous demonstrations, we performed SESS in optical fibers with either positive group-velocity dispersion (GVD) or close-to-zero GVD. At a first glimpse, it seems unfeasible to achieve SESS under negative GVD due to the complicated nonlinear processes involving higher-order soliton formation and fission. In this submission, we show by simulations and experiments that SESS can be achieved in optical fibers with negative GVD. This is of particular importance when Er-fiber lasers working at 1.55 m are employed as the source laser because most optical fibers exhibit negative GVD at this laser wavelength. We first simulate the propagation of a 300-fs hyperbolic-secant pulse (centered at 1.55 m) in an optical fiber with 10-m mode-field diameter (MFD), -10 fs 2 /mm GVD, and third-order dispersion of 100 fs 3 /mm. Figure 1 depicts the spectral and temporal evolution along the propagation length. Due to higher-order soliton compression arising from the interaction between SPM and negative GVD, the pulse duration decreases along the fiber length and reaches the shortest at 5.2 cm (white dashed lines in Fig. 1 ). In the frequency domain, the input spectrum is substantially broadened and extended to both the short and long wavelength side generating well-isolated spectral lobes. It indicates that, prior to soliton fission, the spectral broadening is largely dominated by SPM. Further propagation beyond soliton fission length (i.e., 5.2 cm) leads to soliton breakup that ejects multiple pulses and destroys the well-separated spectral lobes. These simulation results suggest that when implementing SESS using optical fibers with negative GVD, the fiber length should be less than the soliton fission length.
. Simulation of the (a) spectral and (b) temporal evolution for a 95-nJ, 300-fs pulse centered at 1.55 propagating inside an optical fiber with 10-m MFD and -10 fs 2 /mm GVD.
We first simulate the propagation of a 300-fs hyperbolic-secant pulse (centered at 1.55 m) in an optical fiber with 10-m mode-field diameter (MFD), -10 fs 2 /mm GVD, and third-order dispersion of 100 fs 3 /mm. Figure 1 depicts the spectral and temporal evolution along the propagation length. Due to higher-order soliton compression arising from the interaction between SPM and negative GVD, the pulse duration decreases along the fiber length and reaches the shortest at 5.2 cm (white dashed lines in Fig. 1 ). In the frequency domain, the input spectrum is substantially broadened and extended to both the short and long wavelength side generating well-isolated spectral lobes. It indicates that, prior to soliton fission, the spectral broadening is largely dominated by SPM. Further propagation beyond soliton fission length (i.e., 5.2 cm) leads to soliton breakup that ejects multiple pulses and destroys the well-separated spectral lobes. These simulation results suggest that when implementing SESS using optical fibers with negative GVD, the fiber length should be less than the soliton fission length.
As a proof of principle, we first use a 31-MHz Er-fiber laser as the source to pump a 7-cm dispersion-shifted fiber (DSF) with -10 fs 2 /mm GVD and 10-m MFD at 1.55 m. The left column in Fig. 2 (a) shows the representatively filtered leftmost/rightmost spectral lobes and the corresponding pulse energy. The pulse duration is estimated to be 97-152 fs assuming a hyperbolic-secant pulse with a deconvolution factor of 1.54 (Right column in Fig. 2(a) ). To show that such a tunable source is suitable for NLOM, we tune the source to 1.3 and use it to drive a laser scanning microscope to perform NLOM. We label HeLa cells by green fluorescent protein (GFP) that can be three-photon excited by femtosecond pulses at 1.3 and then emit green fluorescence. Figure 2(b) shows the three-photon excitation fluorescence imaging of the GFP-labeled HeLa cells. To show the feasibility of further energy scaling, we replace the Er-fiber laser by a home-built optical parametric amplifier (OPA) pumped by a 3-kHz Ti:sapphire laser. The signal pulse is intentionally tuned to 1.55 m, and the optical spectrum is selected by a narrowband filter supporting ~300-fs pulses. We couple the narrowband pulse into a 1.3-cm DSF. As the coupled pulse energy reaches 760 nJ, the leftmost spectral lobe peaks at 1.3 m (Fig. 3) . We use an optical filter to select this spectral lobe and obtain 130-nJ pulse energy. The measured autocorrelation trace shown as the red curve in the inset of Fig. 3 suggests a 94-fs pulse duration assuming a deconvolution factor of 1.54. The resulting peak power is at megawatt level a peak power level ideal for three-photon excitation fluorescence deep tissue imaging [4] . (red curve). Black dashed curve shows the calculated autocorrelation trace of the transform-limited pulse given by the filtered spectrum.
In conclusion, we demonstrate SESS performing in DSFs with negative GVD and generate wavelength widely tunable femtosecond pulses in the range of 1.3-1.7 m. The superior energy scalability allows us to obtain 130-nJ, ~100-fs pulses at 1.3 m corresponding to megawatt peak power, constituting an ideal solution for NLOM applied to deep tissue imaging [4] . 
